Abstract The effects of sulfate starvation on the agar characteristics of Gracilaria species was investigated by culturing two red algae from Morib, Malaysia, Gracilaria changii and Gracilaria salicornia in sulfate-free artificial seawater for 5 days. The seaweed samples were collected in October 2012 and March 2013, periods which have significant variation in the amount of rainfall. The agar yields were shown to be independent of sulfate availability, with only 0.60-1.20 % increment in treated G. changii and 0.31-1.40 % increment in treated G. salicornia while their gel strengths did not increase significantly (approximately 5-7 %) after sulfate starvation for both species. The gelling and melting temperatures did not vary between control and treated samples from both species, except for the treated G. changii collected in March 2013. The gel syneresis index of G. salicornia collected in March 2013 increased significantly after sulfate deprivation. Sulfate starvation introduced some variations in the content of 3, 6-anhydrogalactose and total sulfate esters, but the changes did not have a pronounced effect on the physical properties of agar.
Introduction
Agar is a complex mixture of polysaccharides which can be found in the cell matrix of red algae (Rhodophyta), mainly f r o m t h e fa m i l i e s G r a ci l a r i a c ea e , G e l i di ac e ae , Pterocladiaceae, and Gelidiellaceae (Armisen and Galactas 1987) . Agar can be divided into two main components: agarose which is a neutral polymer with high gel strength and agaropectin which is a sulfated polysaccharide with low gel strength (Yaphe 1984) . Agarose is a disaccharide-repeating units of 1,4-linked 3,6-anhydro-α-L -galactose alternating with 1,3-linked-β-D-galactose. Agaropectin has the same repeating units with some of these disaccharides containing substantial amounts of methoxyl, sulfate esters, and pyruvate ketal groups in various combinations or positions (Rees 1969; Duckworth and Yaphe 1971) . The type, pattern, and quantity of these substitutions affect the physicochemical/rheological properties of agar and are dependent mainly on the species (Cote and Hanisak 1986) , seasonal, physiological factors (Lahaye and Yaphe 1988) , environmental conditions (Bird 1988) , and life cycle of the algae (Whyte et al. 1981) .
Gracilaria and Gelidium are the principal agarophytes harvested for the global production of commercial agar, where Gracilaria spp. (66 %) are mainly used for making food grade agar while Gelidium spp. (33 %) are a preferred raw material for the production of bacteriological and pharmaceutical grade agars and agarose (McHugh 2003) . Agar polysaccharides extracted from Gracilaria are reported to have a higher degree of sulfation compared to the agar extracted from Gelidium and Pterocladia (Murano 1995) . The sulfate substitution occurs mainly at the C-6 of the 4-linked-L-galactose through esterification. The L -galactose-6-sulfate is first synthesized in red algae as a biological precursor of the 3,6-anhydro-L-galactose followed by enzymatic conversion to an anhydro form by sulfohydrolyses (Rees 1961; Wong and Craigie 1978) . The resulting conformational changes are crucial for the formation of three dimensional gel structure which determines the gelling ability of agar extracts (Morris 1986; Norton et al. 1986 ). The three equatorial hydrogen atoms on 3,6-anhydro-L-galactose residues constrain the polysaccharides into a helix while the interaction of hexagonal fibers of six double helices triggers gel formation (Rees 1969; Djabourov et al. 1989) .
Sulfur is one of the nine essential macronutrients required by plants, and it is preferred in sulfate form. In higher plants, sulfate is transported from its growth environment into the cells by plasma membrane sulfate transporters (Yildiz et al. 1994) . It can be maintained in cytosol, transported into plastids or stored in vacuole once it is transported into the cell. For assimilation, sulfate is initially activated by the enzyme ATP sulfurylase which catalyses the adenylation of sulfate to form 5′-adenylylsulfate (APS). APS is either phosphorylated by APS kinase or reduced by glutathione-dependent APS reductase. In red algae, both pathways are considerably important as the final products are required in large amount for the cellular synthesis of sulfated polysaccharides and reduced sulfur compounds (Gao et al. 2000) . Sulfation reaction happens by catalytic action of sulfotransferases to transfer a sulfuryl group (SO 3 ) from phosphorylated APS, 3′-phosphoadenosine 5′-phosphosulfate to a hydroxyl group of the carbohydrate substrate (Hernandez-Sebastia et al. 2008) .
Sulfate is not a limiting factor for marine algae grows in seawater with a high sulfate concentration (25-28 mM) compared to soil/freshwater (10-50 μM) (Friedlander 2001; Bochenek et al. 2013) . It can be found in algal proteins, carbohydrate, sulfolipids, and also low molecular sulfated compounds (DeBoer 1981) . Sulfate was shown to be essential for cell division in growth medium (O'Kelly 1974) . Some algal and cyanobacterial cells have been demonstrated to be very sensitive with changes in extracellular sulfate concentration (Shibagaki and Grossman 2008) . Withholding sulfate from the nutrient medium may induce various rapid acclimation responses which can be observed in the levels of pigmentation (Collier and Grossman 1992) , changes in cell size (Zhang et al. 2002) , alterations in cell wall ultrastructure (Jensen and Rachlin 1984) , formation of specific enzymes (de Hostos et al. 1988; Quisel et al. 1996) , and changes in sulfate transport characteristics (Yildiz et al. 1994) , metabolic profiles (Bolling and Fiehn 2005) , and metabolic activities (Wykoff et al. 1998 ). However, very few studies are available on how sulfate levels in a growth environment affect the sulfation pathway and enzymatic synthesis of cell wall polysaccharides in red algae (Gao et al. 2000) .
In this study, we have removed the inorganic sulfate sources in the form of magnesium sulfate from the culture environment to study the effect of a single environmental parameter (sulfate availability) on the physical and chemical characteristics of agar polysaccharides from Gracilaria species. Two Gracilaria species from Morib, Malaysia: G. changii, an agarophyte with a high agar yield and gel strength, and G. salicornia with a low agar yield and gel strength (Siow et al. 2012) , were collected in different months with different amount of rainfall. These seaweeds were cultured in a sulfate-free environment, and their agar gel properties were evaluated.
Materials and methods

Seaweed sampling
Fresh macroalgae Gracilaria changii (Xia et Abbott) Abbott, Zhang et Xia and Gracilaria salicornia (C. Agardh) Dawson were collected from the mangrove area during low tides at Morib, Selangor, Malaysia (02°45.878′ N; 101°25.976′ E) in October 2012 and March 2013. These algae were transported in a plastic bag with seawater to the laboratory. The thalli without any reproductive structures were washed with running fresh water, cleaned from mud and epiphytes before acclimatized overnight in artificial seawater (ASW; Instant Ocean Synthetic Sea Salt, Aquarium Systems Inc., USA) with salinity adjusted closely to the salinity at the collection site, which was in the range of 32-35 ppt.
Experimental design and treatment
Two sets of experiment were carried out at different months: October 2012 with a high amount of rainfall (291.9 mm) and March 2013 with only a low amount of rainfall (28.3 mm) (Data from the Department of Meteorology, Malaysia). In each experiment, both G. changii and G. salicornia thalli (500 and 1,000 wet weight, respectively for samples collected in October 2012; 800 and 1,600 g wet weight, respectively for samples collected in March 2013) were treated for 5 days in an aerated aquarium tanks with sulfate-free ASW (450 mM NaCl, 370 mM KCl, 9 mM CaCl 2 .2H 2 O, 49 mM MgCl 2 .6H 2 O, and 2 mM NaHCO 3 ). Controls were also set up in normal ASW (450 mM NaCl, 370 mM KCl, 9 mM CaCl 2 .2H 2 O, 23 mM MgCl 2 .6H 2 O, 26 mM MgSO 4 .7H 2 O, and 2 mM NaHCO 3 ). The treatment was carried out with natural photoperiod in the laboratory while other environmental parameters such as water temperature (25°C), pH (7.8), and salinity (35 ppt) were kept constant throughout the experiment. The harvested samples were rinsed with distilled water, sun dried to remove excessive water before oven drying at 65°C until the weight of the samples was constant.
Agar extraction
Agar extraction was performed by following protocol described by Phang et al. (1996) with some modifications. Briefly, 10 and 14 g of dried samples from G. changii and G. salicornia, respectively, were added to 500 mL distilled water at pH 7 and autoclaved at 103 kPa for 15 min. The hot solution was filtered through gauze, followed by filtration under pressure using a glass microfiber filter discs (Sactorius Stedim Biotech, Grade MGC, Germany). The filtrate was poured into trays, allowed to form gel at room temperature and frozen overnight at −20°C. The frozen agar was thawed and washed with 85 % (v/v) and 99 % (v/v) isopropanol, before it was dried overnight to a constant weight at 50°C. All extractions were performed in duplicate for samples collected in October 2012 and triplicate for samples collected in March 2013. The agar yield was calculated as the percentage of agar dry weight obtained from the duplicates/triplicates.
Measurement of gel strength
The total weight needed to break the agar gel was measured using a texture analyzer (TA-XT2, Stable Micro Systems Ltd., UK) equipped with a 10 mm diameter cylindrical plunger (SMS-P/10 CYL Delrin probe), 5,000 g load cell and crosshead operating speed of 1 mm s −1 to a depth of 5 mm. A gel with a gel depth of approximately 20-25 mm was prepared from 30 mL of 1.5 % (w/v) agar solution and allowed to gel overnight at 4°C. Gel strength was calculated in gram per square centimeter.
Analysis of gelling and melting temperatures
The measurement of melting temperature was conducted on a 1.5 % (w/v) gel which was allowed to form overnight at room temperature. Melting temperature was determined by placing a 5 mm glass bead on top of the agar in a test tube and incubated in a water bath by gradually increasing the temperature (1°C min
−1
). When the glass bead sank to the bottom of the test tube, the temperature was recorded as the melting temperature of the agar. Gelling temperature was determined by allowing the hot 1.5 % (w/v) agar solution to cool down at a rate of 0.5-1°C min −1 . The test tube was slanted at an angle of 45°before it was returned to an upright position for every 0.5°C drop in temperature; the temperature at which the meniscus of the hot agar solution failed to return to its original position was recorded as the gelling temperature.
Analysis of gel syneresis
Measurement of gel syneresis index (%) was conducted following the method described by Villanueva et al. (2010) . Twenty milliliter of 1.5 % (w/v) gel was prepared in a 50 mL test tube (for samples collected in October 2012) and 100 mL beaker (for samples collected in March 2013). The initial weights of the gels were measured before they were placed on a dry Whatman No. 1 filter paper and left for 2 h at room temperature. Loss of exudates from the agar gel was determined by measuring the final weights of the gels. The syneresis index values of the agar samples were calculated as the percentage of loss in agar gel weight.
Chemical analysis using Fourier Transform Infrared Spectroscopy
The 3, 6-anhydrogalactose and sulfate contents were determined following the infrared (IR) spectrophotometry method described by Rochas et al. (1986) with a Fourier Transform Infrared Spectroscopy (FT-IR) spectrometer (Perkin-Elmer, Spectrum 100 series, USA). The FT-IR spectra were recorded between 400 cm −1 and 4,000 cm −1 in transmittance mode with a resolution of 1 cm
. FT-IR data in the form of percentage transmittance was converted into absorbance, and the ratios of absorbances were calculated for semiquantitative comparison of chemical constituents. Sulfate content was estimated from the following absorbance ratios: total sulfate at 1,250/ 2,920 cm −1 , galactose-2-sulfate at 830/2,920 cm −1 , galactose-4-sulfate at 845/2,920 cm
, galactose-6-sulfate at 820/2,920 cm −1 , 3,6-anhydrogalactose-2-sulfate at 805/ 2,920 cm
. The content of 3,6-anhydrogalactose was estimated by the absorbance ratio at 930/2,920 cm
Statistical analysis
Student's t-test was used to test for significant differences between the control and treated Gracilaria samples for all the collected data. The statistical analysis was performed with SAS statistical software (SAS Institute Inc., USA).
Results
Agar yield
Sulfate starvation increased the agar yield of the G. changii samples, from 18.65±0.30 to 19.85±0.21 % and 21.28±1.19 Fig. 1 Effect of sulfate starvation on the yield of the agar extracted from Gracilaria changii and Gracilaria salicornia: Asterisk (*) shows significant differences (P <0.05) between control and treated samples. Error bars denote ±standard error (SE), n =2 for October 2012 and n =3 for March 2013 to 21.70±1.37 % for the samples collected in October 2012 and March 2013, respectively, but the increments were not statistically significant (Fig. 1) . However, the agar yield for G. salicornia collected in October 2012 increased significantly (P <0.05) after sulfate starvation, from 8.25±0.25 to 9.68± 0.16 %. The increase in agar yield from 12.59±1.97 to 14.08± 0.35 % for the G. salicornia sample collected in March 2013 was not statistically significant (Fig. 1) . The agar yield of samples collected in March 2013 was slightly higher than that of samples collected in October 2012.
Gel strength of the agar Sulfate starvation did not cause significant changes in the agar gel strength, although the treatment increased the gel strength slightly in both species compared to those of the untreated samples (Fig. 2) . Treated G. changii samples showed a 6.48 % increment for sample collected in October 2012 and 5.29 % increment for sample collected in March 2013. For G. salicornia, 5.89 and 5.64 % increment were recorded for treated samples collected in October 2012 and March 2013, respectively.
Gelling and melting temperature of the agar Figure 3a and b shows the gelling and melting temperatures of the control and treated samples. Small changes in gelling temperature (≤1°C) were observed in the treated samples for G. changii and G. salicornia, suggesting that the treatment did not change the gelation temperature of the agar samples. The melting temperature increased slightly in treated G. changii samples, with a significant difference (P <0.05) recorded in the sample collected in March 2013. After sulfate starvation, a decrease in melting temperatures was recorded for G. salicornia samples, although the differences were not statistically significant.
Syneresis index of the agar
The spontaneous extrusion of water through the agar hydrogel surface, known as gel syneresis was measured as syneresis index (%) (Fig. 4) . The treated samples from both Gracilaria species showed an increase in syneresis index of the agar Fig. 2 Effect of sulfate starvation on the gel strength of agar extracted from Gracilaria changii and Gracilaria salicornia: Error bars denote ± standard error (SE), n =2 for October 2012 and n =3 for March 2013 Fig. 3 Effect of sulfate starvation on the gelling (a) and melting (b) temperature of agar extracted from Gracilaria changii and Gracilaria salicornia: Asterisk (*) show significant difference (P <0.05) between control and treated samples. Error bars denote ±standard error (SE), n =2 for October 2012 and n =3 for March 2013 Fig. 4 Effect of sulfate starvation on the syneresis index of the agar extracted from Gracilaria changii and Gracilaria salicornia: Asterisk (*) shows significant differences (P <0.05) between control and treated samples. Error bars denote ±standard error (SE), n =2 for October 2012 and n =3 for March 2013 hydrogels, with a percentage of increase ranging from 8 to 17 %. A significant difference at 95 % confidence level was found between control and treated samples of G. salicornia collected in March 2013.
Chemical analysis of agar Figure 5 (a) and (b) shows the changes in the content of 3,6-anhydrogalactose-sulfate, galactose-2-sulfate, galactose-4-sulfate, galactose-6-sulfate, 3,6-anhydrogalactose, and total sulfate esters of the control and treated agar samples from G. changii and G. salicornia . From the FT-IR data, the contents of 3,6-anhydrogalactose-sulfate, galactose-2-sulfate, and galactose-6-sulfate were significantly lower in both species, compared with galactose-4-sulfate and 3,6-anhydrogalactose.
The content of 3,6-anhydrogalactose showed a consistent but nonsignificant reduction in treated G. changii samples collected in October 2012 and March 2013. In G. salicornia, although no significant change was recorded, the sample collected in October 2012 showed a decrease in 3,6-anhydrogalactose content, whereas the sample collected in March 2013 showed an increase in 3,6-anhydrogalactose content compared to the controls. The trend of changes observed in 3,6-anhydrogalactose content after sulfate starvation was also observed for the contents of galactose-6-sulfate and galactose-4-sulfate, for both Gracilaria species.
Changes in the content of total sulfate esters after sulfate deprivation was found to be not consistent for the two Gracilaria species. For G. changii, the content of total sulfate esters increased in treated samples for the sample collected in October 2012, but decreased for the sample collected in March 2013. On the contrary, the content of total sulfate esters decreased for G. salicornia sample collected in October 2012, but increased significantly (P <0.05) for the sample collected in March 2013. Similar trends were also observed for the contents for 3,6-anhydrogalatose and galactose-4-sulfate in G. salicornia.
The content of 3,6-anhydrogalactose was 28-61-fold (G. changii) and 26-74-fold (G. salicornia) higher than its biological precursor, galactose-6-sulfate. The ratio of 3,6-anhydrogalactose to galactose-6-sulfate increased in treated G. changii and decreased in G. salicornia after sulfate starvation (Table 1 ). For the sample collected in October 2012, Fig. 5 Effect of sulfate starvation on chemical composition of agar extracted from Gracilaria changii (a) and Gracilaria salicornia (b): 3,6AGS, 3,6-anhydrogalactose-sulfate, G2S galactose-2-sulfate, G4S galactose-4-sulfate, G6S galactose-6-sulfate, 3,6AG 3,6-anhydrogalactose, and SE sulfate esters. The content of each chemical constituent was estimated using ratio of its absorbance to total sugar, calculated from the FT-IR data. Asterisks (*) and (**) show significant difference (P <0.05) and highly significant difference (P <0.01), respectively, between control and treated samples. Error bars denote ±standard error (SE), n =2 for October 2012 and n =3 for March 2013 sulfate starvation caused a decrease in the ratio of 3,6-anhydrogalactose to sulfate esters for G. changii but an increase in the ratio of 3,6-anhydrogalactose to total sulfate esters for G. salicornia. For the sample collected in March 2013, 3,6-anhydrogalactose to total sulfate esters ratio increased in G. changii but decreased in G. salicornia .
Discussion
In this study, seaweed samples were collected during the rainy season in October 2012 and the dry season in March 2013, respectively. The seasonal differences of these samples could possibly influence the quality of the native agar such as gel strength, melting temperature, and syneresis index but did not alter the effect of sulfate starvation on the agar polysaccharides.
The agar yield of the control and treated Gracilaria species showed insignificant differences except for that of G. salicornia sample collected in October 2012, indicating that the agar yield was independent of the amount of sulfate present in the growth environment. The minor differences in agar yield between the month of collection may be caused by different ratio of young and mature tissue in the samples as different physiological states of the samples may affect the results slightly (Lahaye and Yaphe 1988) . Lahaye and Yaphe (1988) reported that the galactose-6-sulfate content in young seaweed tissue (46 %) of Gracilaria pseudoverrucosa was 1.6-fold higher than the older tissue (29 %), and this finding was consistent with the previous results by Craigie and Wen (1984) and Cote and Hanisak (1986) . Our results are in contrast with the findings by Friedlander (2001) who reported that sulfate starvation could significantly reduce the daily agar yield (mg tank
) of tips of Gracilaria conferta (cultured for 3 weeks in aerated indoor tanks under 25°C and weekly water exchange) by 1.5-2.0-fold. Genetic variation among species as well as environmental factors may trigger different responses to sulfate deficiency, thus different results may be obtained.
The minor effects of sulfate starvation on agar yield, gel strength, and other physical properties observed in this study could probably due to short treatment time (5 days). Prolonged sulfate treatment (2-6 weeks) as reported by Chiles et al. (1989) , Lewis and Hanisak (1996), Friedlander (2001) and Collen et al. (2004) may increase the probability for more pronounced effects of sulfate starvation on the agar yield and its other properties. In this study, we only can report on the short term effects of sulfate starvation on agar extracted from Gracilaria because we could not maintain the seaweeds in a healthy condition in the laboratory for a longer period. Some of the seaweeds cultivated in the laboratory started to undergo cell necrosis after 7 days making them unsuitable for further agar analysis. Since the formation of L -galactose-6-sulfate is reported to happen mainly at the newly grown tips while the enzymatic conversion of galactose-6-sulfate to 3,6-anhydrogalactose occurs in the elder parts of the thallus (Hemmingson et al. 1996) , the effects of sulfate deprivation on these two processes or tissues could be studied in the future. However, we could not conduct this currently because the growth rate of the tips was slow and we had difficulties in keeping healthy seaweeds in the laboratory.
The agar gel strength from both species was shown to increase by 5-6 % after the sulfate depletion although the differences were not statistically significant. Sulfate substitution at the backbone of polysaccharides was reported to introduce kinks to the helical structures of the agar, resulting in a lower gel strength in the agar (Rees 1972) . However, our results do not support previous finding which showed that the gel strength is proportional to the content of 3,6-anhydrogalactose, but decreases when sulfate content increases (Duckworth and Yaphe 1971) . The agar of G. changii which showed a significantly higher gel strength than that of G. salicornia did not have a higher content of 3,6-anhydrogalatose, neither did it have a lower sulfate ester content. This revealed that gel strength is not solely dependent on the amount of 3,6-anhydrogalatose. Sulfate esterification level at various positions of carbon on the galactose unit could possibly alter the gel Table 1 Effects of sulfate starvation on ratio of 3,6-anhydrogalactose to galactose-6-sulfate and ratio of 3,6-anhydrogalactose to sulfate esters for control (C) and treated (T) agar samples from Gracilaria changii and Gracilaria salicornia Ratios were calculated from mean of duplicates for October 2012 and triplicates for March 2013 G6S galactose-6-sulfate, 3,6AG 3,6-anhydrogalactose, and SE sulfate esters strength while other factors such as molecular weight of agar and methylation level may also have an effect on the agar gel strength (Murano 1995) . The gel strength of treated samples also did not correlate with the changing pattern of 3,6-anhydrogalactose and total sulfate esters. It is possible that the changes in 3,6-anhydrogalactose and total sulfate esters content estimated from FT-IR data was not sufficiently sensitive and accurate to be related to the changes in rheological properties. The estimation of 3,6-anhydrogalactose content using the absorbance at 930 cm −1 might not be accurate due to the contribution of galactose-4-sulfate to this wavelength (Rochas et al. 1983) . It is true enough that our results also showed the same pattern of variation in the content of 3, 6-anhydrogalactose and galactose-4-sulfate in both experiments for both Gracilaria species. Furthermore, the differences in the gel strength of treated and control samples were also insignificant. Gracilaria species have been reported to have a low enzymatic activity of sulfohydrolases compared to Gelidium, and thus, they have a higher content of L -galactose-6-sulfate which is not converted into 3,6-anhydrogalactose (Murano 1995) . However, our FT-IR data did not show a high content of galactose-6-sulfate in both control and treated samples from G. changii and G. salicornia , which is in contrast with Murano's findings.
In the absence of sulfate source in the form of magnesium sulfate, the total sulfate content of the treated G. changii samples did not differ much from the control samples, except for treated G. salicornia which showed a significant increase in total sulfate esters. The sulfate starvation in this study did not show inhibition of sulfation of polysaccharides in these two Gracilaria species. The algae grown under sulfate starvation continue to produce sulfated polysaccharides. Friendlander (2001) who has also studied the effect of sulfate starvation on G. conferta reported that sulfate starvation has no significant effect on the total amount of sulfate esters, indicating that there may be a sufficient endogenous sulfate pool in the cell or the sulfate might be recycled from degradation of proteins such as phycoerythrin (Arad et al. 1992) . Scavenging S-amino acids from proteins could be a strategy used by other organisms including Saccharomyces cerevisiae (Baudouin-Cornu et al. 2001 ) and vascular plants (soybean seed storage protein β-conglycinin, β-subunit) (Coates et al. 1985; Gayler and Sykes 1985) to obtain the needed sulfur source. Several bacteria species such as Escherichia coli , Salmonella aureus , and Pseudomonas species have been reported to synthesize sulfate starvation-induced proteins (SSI proteins) which are responsible for alternative sulfur sources (Kertesz 1999) . The sulfur acclimation gene SAC1 which has been identified in the green alga Chlamydomonas as a sensor and regulatory element responds to depleted extracellular sulfur levels and induces several deprivation responses including redistribution of sulfur in the cell (Davies et al. 1996; Moseley et al. 2009 ). In the absence of "preferred inorganic sulfate sources," Keidan et al. (2006) has shown that cysteine can be assimilated into cell wall polysaccharides of red microalgae for sulfation of polysaccharides. They suggested that cysteine can be converted to PAPS (through oxidation to sulfide) which serve as a substrate for sulfotransferase or converted to an unknown intermediate which can serve as a direct substrate for sulfation.
In general, the gelling temperatures of agar from G. salicornia samples were higher than those of G. changii. The melting temperature of agar from G. salicornia was reported in the range of 85-94°C by Oyieke (1993) while G. changii was reported to have a melting temperature ranging from 82 to 89°C (Phang et al. 1996) . Gracilaria agars usually have a gelling temperature ranging from 30 to 50°C and a melting temperature ranging from 82 to 92°C, but these temperatures may be affected by seaweed source, purification method, and purity of the agar samples (Gertrudes 1990 ). Guiseley (1970) has demonstrated that one of the factors that could affect gelling temperature of a 1.5 % (w/v) agar solution is the degree of substitution of agarose with methoxyl groups. The gelling temperature increases with the increase of methoxyl content. Hereby, we investigated whether sulfate esters substitution could affect the gelling temperature and our results showed that sulfate deficiency did not alter the agar gelling and melting temperatures. Hence, we conclude that the availability of exogenous sulfate and the content of total sulfate esters in the algal polysaccharides do not have any role in determining the gelling and melting temperatures.
The increase in the syneresis index for both Gracilaria species after sulfate starvation indicates a low stability of gel polymer network in the treated samples, which makes agar gels loose water on aging. Previous reports (Fiszman and Duran 1992; Matsuhashi 1990) showed that a decrease in sulfate content could cause an increase in the syneresis index. G. changii collected in March 2013 and G. salicornia collected in October 2012 which showed a decrease in total sulfate esters content had a higher syneresis index, consistent with the findings of previous reports. However, the syneresis index of G. changii collected in October 2012 and G. salicornia collected in March 2013 were in contrast with these findings. This may due to interference of others substituents such as methoxyl content, which could have an effect on the overall gel network stability.
In conclusion, sulfate starvation has a minor effect on the agar yield, gelling, and melting temperatures, but can cause a small increase (5-6 %) in the agar gel strength and syneresis index (5-17 %) from G. changii and G. salicornia. However, the slight increment in the agar gel strength was not found to be statistically significant and may not have any relationship to 3,6-anhydrogalactose content. Both the 3,6-anhydrogalactose and total sulfate esters content were found to have no relationship to the agar gel strength. Sulfation at other carbon positions of the galactose residues was not affected by the sulfate starvation revealing that these algae might use organic sulfate from cells through an unknown pathway.
